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IntroducVon	  
•  RevoluVonary	  ComputaVonal	  Aerociences	  (RCA)	  Technical	  

Challenge*:	  
–  IdenVfy	  and	  down-‐select	  criVcal	  turbulence,	  transiVon,	  and	  numerical	  

method	  technologies	  for	  40%	  reducVon	  in	  predicVve	  error	  against	  
standard	  test	  cases	  for	  turbulent	  separated	  flows,	  evoluVon	  of	  free	  shear	  
flows	  and	  shock-‐boundary	  layer	  interacVons	  on	  state-‐of-‐the-‐art	  high	  
performance	  compuVng	  hardware.	  

–  Timeframe:	  by	  2017	  
•  Discussions	  held	  with	  AIAA	  Turbulence	  Modeling	  Benchmark	  

Working	  Group	  (TMBWG)	  and	  others	  
–  Ideas	  for	  good	  (representaVve)	  cases	  

•  Simple	  enough	  to	  be	  useful	  (avoid	  complex	  geometries	  that	  introduce	  
uncertainVes)	  

•  Possess	  the	  relevant	  flow	  physics	  
–  Ideas	  for	  evaluaVon	  metrics	  
–  By	  defining	  “common”	  cases	  and	  metrics,	  unbiased	  evaluaVon	  of	  future	  

model	  improvements	  will	  be	  easier	  

* see: https://www.aeronautics.nasa.gov/fap/aeronautical_sciences.html 
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IntroducVon,	  cont’d	  
•  Issue	  1:	  

–  There	  are	  too	  many	  cases	  out	  there,	  and	  everyone	  has	  their	  own	  favorite	  
•  SoluVon	  1:	  

–  Highlight	  top	  2-‐3	  representaVve	  “primary”	  cases	  for	  each	  category,	  but	  list	  many	  
others	  as	  opVonal	  

•  Issue	  2:	  
–  Many	  cases	  exist	  for	  which	  RANS	  “fails”	  but	  LES/DNS/hybrid	  “succeeds”	  

•  SoluVon	  2:	  
–  Interpret	  differently:	  For	  RANS,	  look	  for	  40%	  improvement	  in	  results;	  for	  LES/DNS/

hybrid,	  look	  for	  40%	  improvement	  in	  Vme-‐to-‐soluVon	  for	  those	  cases	  where	  the	  
predicVon	  is	  already	  good	  

•  Issue	  3:	  
–  Impossible	  to	  agree	  on	  metrics;	  they	  are	  either	  too	  simplisVc	  or	  too	  difficult	  to	  

define	  
•  SoluVon	  3:	  

–  Define	  some	  relevant	  metrics	  for	  the	  primary	  cases,	  but	  allow	  some	  leeway	  and	  
use	  judgment	  
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Separated	  Flow	  Cases	  



2-‐D	  NASA	  Hump	  
Greenblal	  et	  al	  

•  RaVonale	  for:	  excellent	  high-‐quality	  reference	  experimental	  
data	  set;	  good	  2-‐D	  characterisVcs;	  includes	  both	  baseline	  and	  
flow	  control;	  RANS	  known	  to	  do	  poorly;	  eddy-‐resolving	  
methods	  have	  been	  shown	  to	  do	  well;	  well-‐veled	  in	  previous	  
workshop	  

•  RaVonale	  against:	  endplates	  introduced	  some	  blockage	  

5	  

M=0.1 
Rec=0.936 million 

- Greenblatt, D., Paschal, K. B., Yao, C.-S., Harris, J., Schaeffler, N. W., Washburn, A. E., 
“Experimental Investigation of Separation Control Part 1: Baseline and Steady Suction,” AIAA 
Journal, vol. 44, no. 12, pp. 2820-2830, 2006. 
- Rumsey, C. L., “Turbulence Modeling Resource,” http://turbmodels.larc.nasa.gov (data posted 
online), and “CFD Validation of Synthetic Jets and Turbulent Separation Control,” 
http://cfdval2004.larc.nasa.gov (data posted online). 

 
 



2-‐D	  NASA	  Hump	  (cont’d)	  
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Baseline case: Typical RANS 35% error in bubble size (overprediction) 



2-‐D	  NASA	  Hump	  (cont’d)	  
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Baseline case: Typical RANS turbulent shear stress too small in magnitude 
in separated shear layer of bubble 



2-‐D	  NASA	  Hump	  (cont’d)	  

•  General	  validaVon	  metrics:	  
–  SeparaVon	  and	  realachment	  locaVons	  
–  Turbulent	  shear	  stress	  profiles	  
–  Velocity	  profiles	  
–  Surface	  pressure	  and	  skin	  fricVon	  coefficients	  

•  Specific	  validaVon	  metrics:	  

	  

–  From	  first	  two,	  can	  find	  bubble	  size	  relaVve	  to	  experiment	  
–  Current	  typical	  RANS	  for	  baseline	  case:	  

8	  

((x / c)sep − 0.665) / 0.665

((x / c)reattach −1.1) /1.1

− ( "u "v /U 2
ref )min@x/c=0.8 + 0.020#$ %& / 0.020

− ( "u "v /U 2
ref )min@x/c=0.8 + 0.020#$ %& / 0.020 ≈ −45%

(x / c)reattach − (x / c)sep{ }− 0.435"# $% / 0.435 ≈ 35%



Axisymmetric	  Transonic	  Bump	  
Bachalo	  &	  Johnson	  

•  RaVonale	  for:	  includes	  shock-‐induced	  separaVon;	  widely-‐used	  
dataset	  for	  many	  years;	  axisymmetry	  removes	  2-‐D	  quesVons;	  
RANS	  OK	  for	  some	  aspects	  but	  poor	  for	  others	  

•  RaVonale	  against:	  old	  experiment;	  no	  experience	  yet	  with	  
eddy-‐resolving	  methods	  

9	  

M=0.875 
Rec=2.763 million 

- Bachalo, W. D., Johnson, D. A., “Transonic, Turbulent Boundary-Layer Separation Generated on 
an Axisymmetric Flow Model,” AIAA Journal, vol. 24, no. 3, pp. 437-443, 1986. 
- Rumsey, C. L., “Turbulence Modeling Resource,” http://turbmodels.larc.nasa.gov (data posted 
online). 

 
 



Axisymmetric	  Transonic	  Bump	  (cont’d)	  
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Typical RANS:  Cp can be reasonable, but 20-30% error in bubble size 
(overprediction) 



Axisymmetric	  Transonic	  Bump	  (cont’d)	  
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Typical RANS: turbulent shear stress too small in magnitude 
in separated shear layer of bubble 



Axisymmetric	  Transonic	  Bump	  (cont’d)	  

•  General	  validaVon	  metrics:	  
–  SeparaVon	  and	  realachment	  locaVons	  
–  Turbulent	  shear	  stress	  profiles	  
–  Velocity	  profiles	  
–  Surface	  pressure	  coefficients	  

•  Specific	  validaVon	  metrics:	  

	  
–  From	  first	  two,	  can	  find	  bubble	  size	  relaVve	  to	  experiment	  
–  Current	  typical	  RANS:	  
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((x / c)sep − 0.7) / 0.7

((x / c)reattach −1.1) /1.1
− ( "u "v /U 2

ref )min@x/c=1.0 + 0.019#$ %& / 0.019

− ( "u "v /U 2
ref )min@x/c=1.0 + 0.019#$ %& / 0.019 ≈ −50%

(x / c)reattach − (x / c)sep{ }− 0.4"# $% / 0.4 ≈ 25%



AddiVonal	  OpVonal	  Separated	  Cases	  

•  2-‐D	  Wake	  flow	  in	  APG	  (Driver	  &	  Mateer,	  2002)	  
•  2-‐D	  Transonic	  Diffuser	  (Sajben,	  1983)	  
•  2-‐D	  Ramp	  flow	  (Cuvier	  et	  al,	  2014)	  
•  2-‐D	  Periodic	  Hill	  (Almeida	  et	  al,	  1993;	  Frohlich	  et	  al,	  2005)	  
•  2-‐D	  Planar	  Asymmetric	  Diffuser	  (Buice	  &	  Eaton,	  2000)	  
•  2-‐D	  NACA	  4412	  at	  high	  AoA	  (Coles	  &	  Wadcock,	  1979	  &	  1987)	  
•  2-‐D	  Curved	  Backward-‐Facing	  Step	  (Bentaleb	  et	  al,	  2012)	  
•  2-‐D	  Separated	  Channel	  flow	  (Marquillie	  et	  al,	  2008)	  
	  

13	  



AddiVonal	  OpVonal	  Separated	  Cases	  

•  3-‐D	  Axisymmetric	  Hill	  (Byun	  &	  Simpson,	  1996)	  
•  3-‐D	  FAITH	  Hill	  (Bell	  et	  al,	  2006)	  
•  3-‐D	  Cherry	  Diffuser	  (Cherry	  et	  al,	  2008)	  
•  3-‐D	  ONERA	  M6	  Wing	  (Schmil	  &	  Charpin,	  1979)	  
•  3-‐D	  NASA	  Trapezoidal	  Wing	  (Johnson	  et	  al,	  2000)	  
•  3-‐D	  Common	  Research	  Model	  (Rivers	  et	  al,	  2012)	  
•  3-‐D	  Wing-‐body-‐juncture	  (Devenport	  &	  Simpson,	  1992)	  
•  3-‐D	  Prolate	  Spheroid	  (Chesnakas	  &	  Simpson,	  1996)	  
	  

14	  
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Proposed	  Fundamental	  Experiments	  InvesVgaVng	  SeparaVon	  
Onset	  and	  Progression	  

	  Plots	  showing	  effect	  of	  top	  wall	  
shape	  on	  separa3on	  bubble	  

behind	  smooth	  bump	  

-5 deg wall 

5 deg wall 

12.5 deg wall 

no separation 

small separation 

large separation 

	  Surface	  skin	  fric3on	  

	  Turbulent	  shear	  stress	  

Axisymmetric Bump 3-D Juncture Flow 

	  Vary	  alpha	  to	  achieve	  a>ached,	  
incipient,	  and	  separated	  side-‐of-‐

body	  corner	  flow	  
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Propulsion	  Cases	  



Compressible	  Mixing	  Layer	  
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APRIL 1991 STUDY OF COMPRESSIBLE, TURBULENT MIXING LAYERS 541

Fig. 2 Schlieren photographs of case 3.
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Fig. 3 Development of normalized mean streamwise velocity, (£/ — l/2)/AI7, for case 4.

200

tions in freestream velocity (expressed in terms of the velocity
parameter A) were largest for cases Id and 2 with values of 17
and 13%, respectively, whereas for all of the other cases the
deviations from the mean were less than 8%. Also note that
the unit Reynolds numbers, Re = pAU/jj,, are quite high in
these experiments, ranging from 7.7 to 27 x 106 (m~!).

The splitter plate boundary-layer velocity profiles were also
measured using a one-component LDV setup. From the level
of measured turbulence intensities, the boundary layers were
found to be turbulent for all of the cases, which was expected
for these operating conditions. To estimate the boundary-
layer thicknesses, the compressible, turbulent, boundary-layer
velocity profile equation of Sun and Childs24 was least-squares
fit to the measured boundary-layer velocity profiles. The curve
fit profiles were then used to determine the boundary-layer
thicknesses and integrated to yield the compressible momen-
tum thicknesses, both of which are given in Table 1.

Schlieren Photographs
Many flow features can be qualitatively seen in the 20 ns

spark schlieren photographs of case 3 shown in Fig. 2. The
flow is from left to right with the primary stream on top, and
three photographs are required to cover the window that is in
the upstream position. The splitter plate can be seen as it
extends 8 mm into the field of view from the left, and the total
length of the window is approximately 267 mm. Although
compression and expansion waves originating from the splitter
plate tip are evident in the photographs, they are not strong, as
indicated by the pressure and freestream velocity measure-
ments. More importantly, the mixing-layer behavior can be
observed. The mixing layer appears to deflect slightly where it
interacts with compression or expansion waves. Also, in these
photographs, there do not appear to be any large-scale, two-
dimensional, organized structures like those observed by
Brown and Roshko3 in low Reynolds number, incompressible
mixing layers. In fact, only for cases 1 and Id, which are at the
lowest unit Reynolds number of those listed in Table 1, were
any structures of this nature observed, and even then, these
structures did not appear to dominate the mixing-layer charac-
ter. The mixing layers under the conditions examined in this

study appear to be characterized by much smaller turbulent
structures. However, it should be mentioned that the schlieren
technique provides an "integrated" visualization of the mix-
ing layer over the width of the test section. Although many
features can be qualitatively seen in the schlieren photographs,
the mixing-layer thickness is difficult to pinpoint visually;
therefore, the overall mixing-layer growth rate cannot be accu-
rately determined from these photographs. Also, these photo-
graphs provide little quantitative information on the spatial
development and similarity of the mixing layers.
Mixing-Layer Development

The flowfields evolve from two separate streams with
boundary layers into fully developed mixing layers. Spatial
development of transverse profiles of the mean streamwise
velocity and transverse turbulence intensity for case 4
(r = 0.16,  s = 0.60, and Mr = 1.73) are shown in Figs. 3 and 4,
respectively. A mean velocity deficit initially exists that is due
to the boundary layers shed from the splitter plate. However,
because of the large velocity parameter X of case 4, the velocity
deficit is rapidly consumed as it has essentially been eliminated
by the first measurement location, which was only 10 mm
downstream of the splitter plate tip. Eventually, after the
velocity deficit has been eliminated, the flowfield becomes
fully developed. For a mixing layer to be considered fully
developed, it is required that both the mean and turbulent
velocity fields be self similar. Generally, the mean velocity
field requires less streamwise distance to become self similar
with increased development lengths being required for the
streamwise turbulence intensity, transverse turbulence inten-
sity, and Reynolds stress, respectively. Estimates of the
lengths required for development of the streamwise mean
velocity, streamwise turbulence intensity, transverse turbu-
lence intensity, and kinematic Reynolds stress, lv, lau, /av,
/(M'v'), respectively, are given in Table 1 for all of the cases. The
development length for the mean velocity field was taken as
the first streamwise location where a velocity deficit did not
exist. The turbulence quantities were required to reach a con-
stant peak value to be considered fully developed, as is demon-
strated by the transverse turbulence intensity profiles in Fig. 4.
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•  Goebel,	  Dulon,	  &	  Gruber	  
Univ.	  of	  Illinois	  

•  Two	  convecVve	  Mach	  
numbers	  
–  Case	  2,	  Mc	  =	  0.46	  
–  Case	  4,	  Mc	  =	  0.86	  

- Goebel, S.G. and Dutton, J.C., “Experimental Study of Compressible Turbulent Mixing Layers,” AIAA 
Journal, vol. 29, no. 4, pp. 538-546, April, 1991 
- *Goebel, S.G. “An Experimental Investigation of Compressible Turbulent Mixing Layers,” Ph.D. 
Thesis, Dept. of Mech. and Ind. Eng., Univ. of Illinois., Urbana, Ill., 1990. 
- Gruber, M.R. and Dutton, J.C., “Three-Dimensional Velocity Measurements in a Turbulent 
Compressible Mixing Layer,” AIAA Paper 92-3544, July 1992. 

*primary data source 
 

•  	  Data	  
–  LDV	  

•  Mean	  velociVes	  
•  Reynolds	  stresses	  

–  Growth	  rates	  
–  Schlieren	  



Compressible	  Mixing	  Layer	  

•  ObjecVve:	  Improve	  the	  predicVon	  of	  shear	  layers,	  including	  
the	  developing	  region,	  and	  the	  effect	  of	  compressibility	  

•  Metrics	  
–  Growth	  rate	  
–  Mean	  velocity	  fields	  
–  Reynolds	  stress	  fields	  

•  RaVonale	  for	  
–  Comprehensive	  data	  set	  for	  Mcs	  from	  0.2	  to	  1.0	  
–  2-‐component	  LDV,	  with	  some	  3-‐component	  LDV	  and	  PIV	  
–  Data	  compares	  well	  against	  historical	  measurements	  

•  RaVonale	  against	  
–  High	  Mc	  case	  difficult	  to	  converge	  
–  Tunnel	  wall	  effects,	  blockage	  and	  shock	  reflecVons	  are	  present	  

•  Need	  new	  experiment?	  
18	  



Compressible	  Mixing	  Layer	  
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Growth Rate 
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1.4 Maydew & Reed (1963)
Ikawa & Kubota (1975)
Chinzei, et al. (1986)
Papamoschou & Roshko (1988)
Messersmith, et al. (1990)
Elliott & Samimy (1990)
Fourguette, et al. (1991)
Goebel & Dutton (1991)
Gruber, et al. (1993)
Hall, et al. (1993)
Debisschop, Chambres, & Bonnet (1994)
Clemens & Mungal (1995)
Chambres (1997)
Rossmann (2001)
Olsen & Dutton (2003)
Vreman, et al. (1996) DNS
Pantano & Sarkar (2002) DNS
Day, et al. (1998) LSA
Birch & Eggers (1972), "Langley Curve"
Wind-US SA
Wind-US SST



Round	  Jet	  

•  Bridges	  &	  Wernet,	  NASA	  Glenn	  
•  Three	  test	  condiVons	  

–  Set	  point	  3,	  Mach	  0.5	  cold	  
–  Set	  point	  23,	  Mach	  0.5	  hot	  
–  Set	  point	  7,	  Mach	  0.9	  cold	  

•  Data	  
–  Temporally	  resolved	  PIV	  data	  

•  Mean	  velociVes	  
•  Reynolds	  stresses	  

–  Farfield	  noise	  

20	  

- Brown, C.A., and Bridges, J., “Small Hot Jet Acoustic Rig Validation,” NASA TM-214234, April, 2006.  
- *Bridges, J., Wernet, M.P., “The NASA Subsonic Jet Particle Image Velocimetry (PIV) Dataset,” 
NASA TM 2011-216807, Nov. 2011 
- Bridges, J. and Wernet, M.P., “Validating Large-Eddy Simulation for Jet Aeroacoustics,” Journal of 
Propulsion and Power, vol. 28, no. 2, pp. 226-234, March-April, 2012. 

*primary data source 
NASA/TM—2011-216807 8 

parallel flow section at the exit (0.25 in./6.4 mm). In some data reported here, acquired before 2003, the 
ARN1, a 1 in./25.4 mm diameter nozzle, and ARN2, a 2 in./50.1 mm diameter nozzle, were used. These 
are shown connected to the feedpipe in Figure 5 . 

The ARN series of nozzles featured a relatively strong contraction that resulted in relaminarization of 
the boundary layer, especially at low Reynolds numbers, and potentially caused some Reynolds number 
dependence of the jet’s behavior. Since the point of nozzle testing is to simulate large-scale nozzles, e.g., 
high Reynolds number, with initially turbulent shear layers, it is desired to avoid relaminarization in the 
nozzle contraction. 

To avoid relaminarization and to provide a baseline for a series of simple chevron nozzles, the Small 
Metal Chevron (SMC) nozzle system was developed. Originally conceived as a model system for 
parametric testing of chevron nozzles, its modular design has lent itself to a large number of nozzle 
concepts being mounted on it, including chevrons and convergent-divergent nozzles. The baseline 
axisymmetric convergent nozzle, SMC000, is shown in Figure 6. It has an exit diameter of 2 in./50.8 mm. 

In 2004 and 2005, a series of measurements were made with hotwire anemometry to characterize the 
exit boundary layer/initial shear layer of the ARN and SMC nozzles by measuring velocity profiles at the 
nozzle exits at low Mach numbers. Classically, one expects that laminar boundary layers will have a 
shape which, when quantified by the ratio of momentum thickness and displacement thickness, will 
produce a value, called the shape factor, of roughly 2.5. Fully turbulent boundary layers have shape  

 
 

 

 
Figure 5.—SHJAR nozzle system with Acoustic Research Nozzle 1 

(ARN1) and 2 (ARN2) attached. 
 
 

 
Figure 6.—SHJAR nozzle system with SMC000 nozzle attached. 

NASA/TM—2011-216807 10 

2.4 Particle Image Velocimetry Systems 
Details of the various PIV installations are given in References 23, 24, 21, and 22. Below are some 

common aspects of the installations, provided to give the reader some level of detail on this critical aspect 
of the dataset.  

2.4.1 Two-Component Stereoscopic PIV System (T0, T1) 

Two-component PIV systems with the light sheet oriented parallel to the flow direction were used in 
the T0 and T1 test entries. In the T0 entry the PIV system components were located on the traversing 
mechanism, colloquially known as Big Blue, shown in Figure 8. Nozzle flow surveys were obtained by 
traversing the PIV system along the jet axis using the large traverse system. A Continuum PIV-Surelite 
III, 400 mJ per pulse at 532 nm, dual head, Nd:YAG laser operating at 10 Hz produced the pulsed light 
sheets. For the T0 experimental configuratioQ�DQ�LQWHUIUDPH�WLPH�RI�����ȝV�was used. A laser light sheet 
approximately 0.2 mm thick was formed with one cylindrical and one spherical lens and directed along 
the jet axis. A Redlake ES 4.0 digital camera with a 2048u2048 pixel CCD array was used to record the 
PIV images. The PIV camera was configured for a 136 mm field. Particle displacements ranging from 0 
to 17 pixels were measured, resulting in a full-scale error of 0.5 percent after subpixel particle image 
fitting. Four hundred image pairs or velocity maps were acquired for each axial location and were used in 
the statistical processing of the turbulence data. The full-scale errors given above were, therefore, reduced 
further through the averaging process. The PIV images were processed with PIVPROC (Ref. 27), a GRC-
developed code. PIVPROC uses a correlation-based processing algorithm that allows for subregion image 
shifting and multi-pass correlation to improve the spatial resolution of the resultant velocity vector maps. 
The first pass of the correlation used a subregion size of 64u64 pixels with 50 percent overlap. The 
second pass used a 32u32 pixel subregion size, again with 50 percent overlap. The resulting spatial 
resolution of the velocity vector fields was 1.06 mm for the 136 mm fields of view. 

 

    
Figure 8.—PIV setup for test entry T0. Left: Laser and beam-forming optics below, light sheet impinging upon bottom 

of nozzle, black velvet covered optical background for cameras in upper left of image. Right: Light sheet impinging 
upon nozzle, camera mounted 12 in. away, ‘tent’ around the SHJAR frame to guide ambient seeding from oil vapor 
smoke generator. Eggshell foam on the rig is for acoustic measurements—not PIV. 



Round	  Jet	  

•  ObjecVve:	  Improvement	  the	  predicVon	  of	  jets,	  including	  the	  developing	  
region,	  the	  effect	  of	  compressibility,	  and	  the	  effect	  of	  temperature.	  

•  Metrics	  
–  LocaVon	  of	  the	  end	  of	  the	  inviscid	  core	  flow	  (the	  point	  where	  u/Ujet	  =	  0.98	  )	  
–  Value	  and	  locaVon	  of	  the	  peak	  turbulent	  kineVc	  energy	  on	  the	  jet	  centerline.	  
–  Mean	  velocity	  fields	  
–  Reynolds	  stress	  fields	  

•  RaVonale	  for	  
–  Data	  already	  widely	  used	  for	  validaVon	  (de	  facto	  standard	  jet	  data	  set)	  
–  Data	  compares	  against	  historical	  measurements	  

•  RaVonale	  against	  
–  Nozzle	  boundary	  layer	  and/or	  iniVal	  jet	  profile	  not	  defined	  	  

21	  



x/Dj

u/
U
j

0 5 10 15 20 250

0.2

0.4

0.6

0.8

1 Expt.
SA
SST

x/Dj

u/
U
j

0 5 10 15 20 250

0.2

0.4

0.6

0.8

1 Expt.
SA
SST

x/Dj

u/
U
j

0 5 10 15 20 250

0.2

0.4

0.6

0.8

1 Expt.
SA
SST

Round	  Jet	  

22	  

SP 3: Mach 0.5, cold 

Set	  
Point	   Expt.	   SA	   %err	   SST	   %err	  

3	   6.3	   6.73	   6.83	   8.67	   37.6	  

7	   7.8	   6.84	   -‐12.3	   9.01	   15.5	  

23	   5.0	   6.00	   20.0	   7.65	   53.0	  

End of invisicid core, x/Dj 

Centerline Mean Velocities 

SP 7: Mach 0.9, cold 

SP 23: Mach 0.5, hot 



Shock	  Wave	  Boundary	  Layer	  InteracVon	  
•  J.	  Brown	  et	  al,	  NASA	  Ames	  
•  Axisymmetric	  compression	  corner	  
•  Mach	  2.85	  
•  30	  deg.	  conical	  flare	  
•  Data	  

–  LDV	  
•  Mean	  velociVes	  
•  Reynolds	  stresses	  

–  Surface	  staVc	  pressures	  
–  Interferometry	  
–  Schlieren	  
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CONE AXIS 

M, = 2.85 

PRESSURE K, 
SENSORS 

\ 

-/ 

I 
Figure 2.- General model configuration. 
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- Dunagan, S.E., Brown, J.L. and Miles, J.B. ,” Interferometric Data for a Shock/Wave Boundary-Layer 
Interaction,” NASA TM 88227, Sept. 1986. 
- Brown, J.D., Brown, J.L. and Kussoy, M.I., “A Documentations of Two- and Three-Dimensional 
Shock-Separated Turbulent Boundary Layers,” NASA TM 101008, July, 1988. 
- *Settles, G.S., and Dodson, L.J., “Hypersonic Shock/Boundary-Layer Interaction Database NASA CR 
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- Wideman, J., Brown, J., Miles, J., and Ozcan, O., “Surface Documentation of a 3-D Supersonic 
Shock-Wave/Boundary-Layer Interaction,” NASA TM 108824, 1994 

*primary data source 
 
 



Shock	  Wave	  Boundary	  Layer	  InteracVon	  

•  ObjecVve:	  Improve	  the	  predicVon	  of	  shock	  boundary	  layer	  interacVon	  
including	  the	  extent	  of	  separaVon	  and	  the	  Reynolds	  stresses	  

•  Metrics	  
–  SeparaVon	  and	  realachment	  locaVons,	  and	  separaVon	  length	  	  
–  Surface	  pressure	  coefficient	  
–  Velocity	  profiles	  
–  Reynolds	  stress	  profiles	  

•  RaVonale	  for	  
–  Simple	  geometry	  
–  Absence	  of	  corner	  flows	  found	  in	  many	  SWBLI	  experiments	  
–  Reynolds	  stresses	  available	  

•  RaVonale	  against	  
–  SeparaVon	  onset	  and	  pressure	  distribuVons	  are	  already	  well	  predicted	  by	  

some	  RANS	  models	  
–  Cusped	  nose	  of	  model	  not	  defined;	  effect	  is	  assumed	  negligible	  
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Shock	  Wave	  Boundary	  Layer	  InteracVon	  
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Mach number contours 

Surface static pressure 

SeparaVon	  
pt.	  (cm)	  

Realach	  
pt.	  (cm)	  

Length	  
(cm)	  

Expt.	   -‐2.73	   0.97	   3.70	  

BSL	   -‐2.50	   1.38	   3.88	  

SST	   -‐4.57	   2.54	   7.11	  

k-‐ε	   -‐2.21	   1.13	   3.33	  

SA	   -‐2.68	   2.27	   4.92	  
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Shock	  Wave	  Boundary	  Layer	  InteracVon	  
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Shear Stress Profiles 
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AddiVonal/OpVonal	  Cases	  

•  Shear	  flows	  
–  Numerous	  shear	  layer	  cases	  
–  Seiner’s	  Supersonic	  jet,	  Mj	  =	  2	  (Seiner	  et	  al,	  1992)	  
–  Egger’s	  Supersonic	  jet	  (Eggers,	  1996)	  

•  Shock-‐wave/boundary-‐layer	  interacVon	  
–  Mach	  2.25	  Impinging	  SWBLI,	  UFAST	  (DuPont	  et	  al,	  2008)	  
–  Mach	  5	  Impinging	  SWBLI	  (Schulein,	  2004)	  
–  Mach	  7	  Axisymmetric	  Compression	  Corner	  (Kussoy	  &	  Horstman,	  1989)	  
–  NASA	  GRC	  Mach	  2.5	  Axisymmetric	  Impinging	  SWBLI	  (Davis,	  TBD)	  
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Turbulence	  CFD	  ValidaVon	  Experiments	  (TCFDVE)	  

PROBLEM 
Very few Shock Wave/Boundary-Layer Interaction (SWBLI) experiments reported in the open literature meet the rigorous criteria required 
to be considered as a CFD validation dataset. This is particularly true for experiments with detailed turbulence measurements. 
OBJECTIVES 
Obtain mean and turbulence quantities through a M=2.5 SWBLI of sufficient quantity and quality to be considered as a CFD validation 
dataset. Initial efforts will focus on a Mach 2.5 2-D (in the mean) interaction with follow-on efforts investigating 3-D interactions. Both 
attached and separated interactions will be considered. 
APPROACH 
A new M=2.5 17cm axisymmetric facility is being constructed to investigate SWBLIs. The facility will be located in Test Cell W6B at NASA 
GRC. The SWBLI is generated by a cone located on the centerline of the facility. The strength of the interaction is varied by changing the 
cone angle. The measurement region of interest is where the conical shock interacts with the naturally occurring facility boundary-layer and 
is highlighted by the box shown in Figure 1. The new facility will be instrumented with conventional pressure instrumentation as well as hot-
wire anemometry for measurement of turbulence quantities. Non-intrusive optical techniques such as PIV will be incorporated in the future. 
Test are also planned with dynamic surface shear film and fast response Pressure Sensitive Paint (PSP) in collaboration with Innovative 
Scientific Solutions, Incorporated (ISSI). 
 

POC:	  David	  O.	  Davis	  (GRC)	  	  	  
Figure 1. 17cm Axisymmetric Supersonic Wind Tunnel 

RESULTS 
The new facility design is complete and 
delivery of the hardware is expected by the 
end of December 2014. Calibration of the 
facility is expected to commence in 
December. RANS and LES simulations of 
the facility are also underway at GRC. 
SIGNIFICANCE 
The data to be generated has been 
previously unavailable. Further, 
development of an in-house capability to 
investigate SWBLIs will allow CFD code 
developers and turbulence modelers to 
have direct input into the experiment. It will 
also allow the ability to revisit 
measurements if deemed necessary. 



Future	  ValidaVon	  Needs	  

•  Most	  of	  the	  primary	  test	  cases	  are	  old	  datasets	  
–  There	  have	  been	  significant	  advances	  measurement	  technology	  
–  New	  scale-‐resolving	  simulaVons	  require	  much	  more	  detailed	  boundary	  

informaVon	  
–  We	  have	  gained	  a	  beler	  understanding	  of	  the	  requirements	  for	  

validaVon	  experiments	  

•  We	  believe	  there	  is	  a	  need	  for	  new	  validaVon	  data	  sets	  
–  What	  flows	  should	  be	  considered?	  
–  What	  quanVVes	  should	  be	  measured?	  
–  What	  are	  we	  missing?	  
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Contact	  informaVon	  

•  Pleases	  contact	  us	  if	  you	  have	  any	  comments,	  or	  informaVon	  
on	  possible	  addiVonal	  test	  cases	  

•  Chris	  Rumsey,	  NASA	  Langley	  
–  c.l.rumsey@nasa.gov	  
–  757-‐864-‐2165	  

•  Jim	  DeBonis,	  NASA	  Glenn	  
–  james.r.debonis@nasa.gov	  
–  216-‐433-‐6581	  
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